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Abstract 
The events involved in the histogenesis of 
the primitive nervous system involve precise 
control over cell shape changes, cellular 
migrations, cell-cell and cell-extracellular 
matrix interactions. The coordinated procession 
of these events results in the elevation of the 
neural folds, and their apposition and fusion in 
the dorsal midline, forming the primary neural 
tube. This is followed by a second series of 
cellular migrations and rearrangements 
(collectively called secondary neurulation) which 
result in lengthening of the caudal neural tube. 
After a brief consideration of the mechanisms 
involved in neurulation, the effects of gene or 
teratogen induced perturbations of these events 
are presented and reviewed. New data are 
presented on neurulation in the delayed Splotch 
mutant embryo and on the effects of altering 
mesenchymal or neuroepithelial basal lamina 
constituents on primary and secondary 
neurulation. 
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Introduction 
The early development of the vertebrate 
nervous system relies on a complex, coordinated 
series of cell shape changes, rearrangements, and 
migrations, with regional alterations in the 
structure and composition of the subjacent 
mesenchymal compartment. During this time the 
neural plate is established, and the neural 
folds elevate and fuse to form the primitive 
brain and much of the spinal cord. The early 
events involved in the formation of the neural 
tube from an initially undifferentiated ectoderm 
have received considerable attention, both 
because of interest in cell-cell interactions in 
morphogenesis, as well as because interference 
with these interactions during neurulation may 
result in the development of severe defects of 
neural tube closure (NTDs) such as anencephaly 
and spina bifida. 
To provide an introduction and to develop a 
data base against which studies of abnormal 
development can be evaluated, the major steps 
involved in neurulation following the induction 
of the neural plate: neural fold elevation, 
apposition and fusion, and secondary 
neurulation, will be reviewed. This brief 
treatment will emphasize work on mammalian 
embryos gained using transmission and scanning 
electron microscopy (TEM and SEM). For a more 
complete review of the events involved in 
neurulation, the reader is referred to Schoenwolf 
(1982), or to Gordon (1985). The second portion 
of this review will examine the effects on 
neurulation of interfering with the processes 
involved in elevation, apposition and fusion of 
the neural folds or in secondary neurulation. 
Establishment of the Neural Plate 
The neural plate develops at the dorsal 
midline of the embryo just rostral to the 
primitive streak, following induction of the 
overlying ectoderm to form a columnar epithelium 
characteristic of the neural plate {cf., Sax~n 
and Toivonen, 1962; England and Cowper, 1975, 
1976). The first observable surface alteration 
is the "cobblestone" appearance of the flattened 
surface ectoderm which clearly demarcates it from 
the adjacent neuroepithelium. The apices of the 
neuroepithelial cells exhibit few cilia but 
K.S. O'Shea 
numerous microvilli, and are smaller in diameter 
and slightly more convex than cells of the 
surface ectoderm (Wilson and Michael, 1975; 
Waterman, 1975, 1976). In addition, the subjacent 
mesenchymal cells make extensive contacts with 
the basal surface of the neuroepithelium (England 
and Cowper, 1976), and are characterized by 
little extracellular space at this stage of 
development (Morriss and Solursh, 1978a). 
Neural Fold Elevation 
The neural folds elevate, becoming bi-convex 
then concave, by a combination of 
neuroepithelial cell shape changes and support 
from the underlying mesenchyme (Morriss-Kay, 
1981). The initially low columnar cells of the 
neural plate elongate, then become narrower at 
their apices, producing a wedge shaped cell 
(Karfunkel, 1974). Spherical cells (M phase) can 
be found near the neuroepithelial lumen (Seymour 
and Berry, 1975; Meller and Te1zlaff, 1975). 
These cell shape alterations appear to be 
produced by the neuroepithelial cytoskeleton. 
Thus, with the change in cell shape from low to 
high columnar, microtubules become a more 
prominent component of the neuroepithelial 
cytoplasm and as the cells become wedge shaped, 
microfilaments become concentrated at the cell 
apices. This general pattern of events has been 
observed in rodent (Freeman, 1972; Herman and 
Kauffman, 1966; Wilson and Finta, 1980a; Sadler 
et al., 1982); chick (Handel and Roth, 1971; 
Karfunkel, 1972; Camatini and Ranzi, 1976; 
Gonzalez-Santander and Martinez-Cuadrado, 1976; 
Nagale and Lee, 1979, 1980), and amphibian (Baker 
and Schroeder, 1967; Burnside, 1971, 1973; Mak, 
1978) embryos. While the question of whether 
these elements produce the cell shaping 
alterations or merely reflect cytoplasmic 
alterations produced by, for example mesenchymal 
expansion (Morriss and Solursh, 1978a, b), 
increased intercellular adhesion (Karfunkel et 
al., 1978), or alterations in cell volume (Zwaan 
and Hendrix, 1973; Beebe et al., 1979) remains a 
matter of controversy. 
Cell-cell junctions may also play a role in 
maintaining cell shape and adhesion. Tight 
junctions, gap junctions and desmosomes have been 
observed between neuroepithelial cells during 
neurulation in a variety of species (Decker and 
Friend, 1974; Revel and Brown, 1976; Schoenwolf 
and Kelley, 1980; Decker, 1981). 
In the mouse embryo, neural crest cells 
migrate from the neural folds in the cephalic 
region during elevation of the folds {cf., 
Nichols, 1981; Tan and Morriss-Kay, 1985). There 
appears to be considerable regional and species 
variation in the time of onset and duration of 
crest migration, but a similar series of cell 
shape changes, cellular reorganization, loss of 
junctions and emigration seems to typify rodent 
(Erickson and Weston, 1983; Tan and Morriss-Kay, 
1985), chick (Bancroft and Bellairs, 1976; 
Tosney, 1978, 1982; Thiery et al., 1982a), and 
axolotl (Lofberg et al., 1980) embryos. Figure 1 
illustrates the appearance of the cephalic folds 
and neural crest migration in the mouse embryo. 
The role of crest cell migration ~~ in 
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neurulation is unknown (see discussion below). 
During elevation of the folds, the luminal 
surface of the neuroepithelial cells becomes 
progressively more convex, with increasing 
numbers of cytoplasmic protrusions and blebs, 
with an apparent decrease in the number of 
microvilli (Wilson and Michael, 1975; Waterman, 
1975, 1976). The mesenchyme increases in cell 
number and in the volume of associated 
extracellular matrix material (Figure 2; Morriss 
and Solursh, 1978b). In addition, mesenchymal 
cells also become associated with threadlike and 
fibrillar extracellular material (Morriss and 
Solursh, 1978a). As in the neuroepithelium, 
Burnside (1973) has reported the presence of 
cytoskeletal elements in mesenchymal cells where 
they may participate in mesenchymal expansion 
during neural fold elevation. 
The neuroepithelial basal lamina separates 
the mesenchymal compartment and the 
neuroepithelium. Like other epithelial basal 
lamina, it is thought to provide a structural 
scaffolding for morphogenetic cell shape changes 
(Hay, 1968), a functional barrier as in the 
glomerular basal lamina (Farquhar, 1981), and a 
barrier to cell migration (Liotta et al., 1980; 
Nichols, 1982; Erickson and Weston, 1983). When 
examined using SEM, basal laminae are composed of 
numerous fibrils arranged as a meshwork directed 
away from the ectoderm (Wakely, 1977; Wakely and 
England, 1979). The neuroepithelial basal 
lamina contains fibronectin, laminin, heparan 
sulfate proteoglycan, collagen type IV, (Duband 
and Thiery, 1982; O'Shea, 1985 and unpublished; 
Sternberg and Kimber, 1986), and encapsulates the 
neuroepithelium except in regions of imminent 
neural crest migration (see Tosney, 1982). 
Neural Fold Approximation ~ Fusion 
With apposition and eventual fusion of the 
neural folds and overlying surface ectoderm in 
the dorsal midline of the embryo, a complete 
neural tube is formed. In the cephalic region of 
mouse embryos, fusion occurs initially between 
the midbrain and forebrain, with closure 
progressing cephalad and caudad (Geelen and 
Langman, 1979; Kaufman, 1979). Fusi on of the 
neural folds in the forebrain region (anterior 
neuropore) occurs at approximately 18-23 somites, 
while the posterior neuropore is the last portion 
of the neural folds to close in rodent embryos 
(Waterman, 1976; Wilson and Finta, 1980a), with 
the development of 24-28 somites. In the chick 
embryo, fusion begins in the cephalic region, and 
progresses cephalad and caudad (Bancroft and 
Bel lairs, 1975). 
There are important regional differences in 
initial neural fold apposition and fusion in the 
mouse embryo, with a zone of flattened cells 
found between neuroepithelium and surface 
ectoderm (see below) making initial contact 
between the neural folds in the trunk region. In 
the forebrain, contact is made between 
neuroepithelial cells; surface ectodermal cells 
make first contact in the midbrain, while 
neuroepithelium and surface ectoderm make initial 
contact in the hindbrain (Geelen and Langman, 
1977, 1979). In the chick embryo, initial 
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[ig_tJ_re 1. Transverse fracture through the dorsal surface of the rostral hindbrain illustrating neural 
~m1gration. Neural crest eel ls are changing shape prior to emigrating from the neuroepithelium 
to a pathway between the surface ectoderm (SE) and neuroepithel ium (NE). Neural crest eel ls are 
arrowed. Scale bar= 20 ~m. 
Figure ~- Dorso lateral view of the neural folds (NF) of a day 9 811bryo. The neuroepithe l i um has been 
removed from one side exposing the underlying mesenchyme (M). Scale bar= 20 ~m. 
contact appears to occur between both surface 
ectoderm and neuroepithelium in spinal and 
cephalic regions while initial contact occurs 
between surface ectodermal cells in the posterior 
neuropore region (Schoenwolf, 1982). There also 
are regional differences in the bending of the 
neural folds responsible for their midline 
approximation in the chick embryo (Schoenwolf, 
1982; Schoenwolf and Franks, 1984). 
Just prior to neural fold fusion, surface 
alterations form at the junction between the 
surface ectoderm and neuroepithelium. Initially, 
a row of flattened cells with few surface 
specializations appears in this zone (Bancroft 
and Bellairs, 1975; Waterman, 1975, 1976; 
Foerder, 1977). \4ith continued development, a 
series of blebs, lamellopodia and filopodia 
appear. Their presence has been confirmed using 
light and electron microscopy (Waterman, 1976; 
Geelen and Langman, 1979; Wilson and Finta, 
1980a), and in TEM preparations they are filled 
with microfilaments (O'Shea et al., 1982a). 
Because they interdigitate as the folds make 
midline contact, these projections may play an 
important role in the guidance and initial 
adhesion of the neural folds. It has also been 
suggested that the presence of these filopodia 
and lamellopodia may reflect membrane alterations 
following neural crest rearrangements, changes in 
cell shape and junctional status as neural crest 
cells begin to migrate into the mesenchyme 
(\./aterman, 1975, 1976). 
The presence of cell surface material 
becomes particularly obvious along the lumen of 
the neural folds during the final phases of 
neural tube closure. This thick carbohydrate 
coat has been suggested to stabilize and bind the 
neural folds as fusion of neuroepithelium and 
surface ectoderm occur (Moran and Rice, 1975; 
Rice and Moran, 1977; Lee et al., 1976, 1978; 
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Sadler, 1978). Despite the number of descriptive 
studies on the appearance of this material, 
little is known about its composition. 
Additional 'adhesion molecules' may also be 
important in the early development of this region 
(Thiery et al., 1982b; Edelman, 1984; 
Rutishauser, 1984). 
It has recently been demonstrated that the 
lateral walls of the neural tube in human 
(Desmond, 1982), chick (Desmond and Schoenwolf, 
1982), and mouse (Kaufman, 1983, 1986) embryos 
become apposed, occluding the lumen for a 
considerable distance. To date, extensive 
membrane specializations such as filopodia or 
lamellopodia or cell-cell junctions have not been 
observed between apposed cells during occlusion. 
It has been suggested that lurninal occlusion may 
play a role in increasing CSF fluid pressure 
required for brain expansion. 
Secondary Neurulation 
With posterior neuropore closure, this simple 
pattern is complicated by a second series of 
events in which primitive streak-derived 
mesenchyme cells migrate, aggregate, 
epithelialize and fuse with the neuroepithelium 
of the closing posterior neuropore region 
(Criley, 1969; Dryden, 1980a; Schoenwolf and 
DeLongo, 1980; Schoenwolf, 1984). To 
differentiate this process from primary 
neurulation in which embryonic structures arise 
from the three primary germ ce 11 layers (cf., 
Holmdahl, 1925), this process has been termed 
secondary neurulation. As the cells of the 
secondary neuroepithelium elongate, microtubules 
are found in their cytoplasm, and with 
aggregation and formation of a central lumen, 
intracellular junctions develop and a typical 
neuroepithelial basal lamina forms (Schoenwolf 
K.S. O'Shea 
and Delongo, 1980; Schoenwolf, 1984). Fusion of 
the neural tubes in the chick occurs via overlap 
of dorsal (primary) neural tube with the ventral 
(secondary) tube, formation and subsequent loss 
of several secondary lumina (Dryden, 1980a; 
Schoenwolf and Delongo, 1980). In the mouse 
embryo, there is no overlap between primary and 
secondary neuroepithelia, and addition of cells 
to the caudal neuroepithelium occurs continuously 
(Schoenwolf, 1984). 
Our understanding of the anatomical bases of 
these events has been considerably expanded 
recently by the use of scanning and transmission 
electron microscopy to correlate topographical 
and cell shape changes with the ultrastructural 
alterations involved in the morphogenesis of the 
primitive nervous system (c.f., Scott et al., 
1976; Merker and Kruger, 1977). Also, the many 
regional differences in neural tube closure which 
may result in differential susceptibilities of 
these areas to neural tube defects, have been 
effectively illustrated using SEM. The following 
section will examine the effects of gene and 
teratogen induced inhibition of neural fold 
elevation, approximation or fusion, and will 
finally consider the scant literature on defects 
of secondary neurulation. 
Materials and Methods 
Embryos were obtained from matings of CFLP 
(Anglia Labs, U.K.), CD-1 mice {Charles River 
Labs, Portage, MI), or heterozygous Splotch and 
delayed Splotch mutant mice were mated. 
Typically, a male mouse was placed with 2-3 
females overnight, the morning of finding a 
vaginal plug considered the first day of 
gestation. 
On the 9th, 10th or 11th day of development, 
pregnant females were killed by cervical 
dislocation, uterine horns were removed and 
decidual swellings were dissected into Petri 
dishes containing phosphate buffered saline 
(PBS). For morphological evaluations, embryos 
were removed from the chorion, care taken not to 
damage the amnion, and immersion fixed as 
described below. 
Whole Embryo Culture 
To expose neurulating embryos to agents 
unlikely to reach them in vivo, or to precisely 
control the stage, dosage-,-or time of exposure 
to these agents, mouse embryos were explanted 
into whole embryo culture (New et al., 1973). 
Decidua were removed as described above, and 
embryos dissected from the Reichert's membrane, 
without damaging the ectoplacental cone. Embryos 
were explanted at the neural plate: 1-2 somite 
stage, neural fold: 6-8 somite stage, during 
posterior neuropore closure: 18-20 somite stage, 
or during secondary neurulation: at 28-30 somites 
or 34-38 somites; In later embryos, the chorion 
was opened (Pratt et al., 1984) to allow direct 
passage of nutrients to the embryo. 
Two or three embryos were placed in 30 ml 
culture bottles containing: 1 ml rat serum 
(Steele and New, 1974), 1 ml artificial serum 
(FC-43; O'Shea et al., 1982b), 0.1 ml distilled 
water, 50 µg/ml penicillin/streptomycin or 20 
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µg/ml garamycin and the agent of interest (or 
carrier control). Agents examined included: 
cytochalasin B (2 µg/ml); colchicine (5 x 10-5 
M); papaverine (75 µg/ml); ionophore A23187 (25 
µg/ml); tunicamycin (10 µg/ml); tunicamycin 
homologue Al (1 µg/ml), and cis-hydroxyproline 
(50 µg/ml). 
Bottles containing early embryos were gassed 
with 5% carbon dioxide in air; the proportion of 
oxygen in the mixture increasing to 95% with 
increasing embryonic age. Bottles were gassed 
initially and at 12 hour intervals throughout the 
culture period. They were then cultured in a 
roller culture apparatus (New, 1978) maintained 
at 37 degrees C for periods of 6-48 hours. 
Fixation 
Embryos were fixed for 1 hour at room 
temperature in a solution of 1% glutaraldehyde in 
0.1 M phosphate buffer {pH=7.4, 320 mOsmol) or in 
1% glutaraldehyde in 0.1 M sodium cacodylate 
buffer {pH=7.4, 370 mOsmol). These alterations 
were employed because i11111unoreactivity {for 
correlative studies) is considerably better using 
cacodylate than phosphate buffer, and because 
phosphate may precipitate from solution, 
adversely affecting the quality of SEM 
preparations. 
Occasionally, 1% tannic acid was also added 
to the fixatives to preserve the 
glycosaminoglycans associated with the mesenchyme 
and neuroepithel ial basal lamina (Singley and 
Solursh, 1980). 
SEM 
-After fixation, embryos to be examined using 
SEM were washed and stored at 4 degrees C in 
appropriate buffer. They were then dehydrated 
through graded alcohols (typically beginning with 
50%), critically point dried from carbon dioxide 
or freon and then carefully oriented on double-
sided tape (3M). Embryos were sputter coated 
with gold in a Polaron apparatus with a cooling 
stage for 90 seconds at 1.5 kV producing a 
coating thickness of 20-30 nm. Observations have 
been carried out and recorded using a Cambridge 
S600, an E-TECH, or an ISI DS-130 scanning 
electron microscope operated at 10 or 15 kV. 
After exam1n1ng the topographical 
characteristics of these embryos, transverse 
fractures were made through them by placing an 
iridectomy knife at the desired level of the 
neuraxis and exerting light pressure. In our 
experience, this technique is preferable to other 
methods of obtaining fracture surfaces (e.g., 
cryofracturing) because smooth plasma membranes 
(rather than cut) are consistently obtained. 
Having briefly reviewed the pattern of events 
involved in neurulation, we will now consider the 
effects of teratogen or gene interference with 
these events. While many of the agents examined 
may affect several aspects of development, the 
effects on neural (neuroepithelium) and on non-
neural (primarily mesenchyme) structures will be 
considered separately. 
Neural Fold Elevation 
Neural 
------rfie correlation between the time of 
appearance of cytoskeletal elements in the 
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neuroepithelium and cell shape changes 
(Waddington and Perry, 1966) resulted in many 
attempts to demonstrate a causal role for 
microfilaments and microtubules in neural tube 
closure (cf., Karfunkel, 1974, for review). 
Generally, the microtubules have been thought to 
play a role in the early elevation of the 
neuroepithelium, and microfilaments to 
participate in the later stages of elevation and 
final approximation of the folds in the midline 
prior to closure. Sadler et al., (1982) have 
however, demonstrated the presence of 
microfilaments in the base of the neuroepithelium 
during neural fold elevation, suggesting an 
earlier role as well (but see Morriss-Kay and 
Tuckett, 1985). Figure 3 illustrates the frontal 
appearance of a control embryo after neural tube 
closure has been completed, and Figure 4 the 
appearance of the neuroepithelium and subjacent 
mesenchyme. 
Relatively few studies have examined the 
effects of interfering with microtubules on 
neural tube closure and fewer still have examined 
the resulting cellular alterations using SEM. 
Agents that have been employed include: 
colchicine (Woodward and Estes, 1944; Ferm, 1963; 
Burnside, 1971; Handel and Roth, 1971; Karfunkel, 
1972; LOfberg and Jacobson, 1974; O'Shea, 1981; 
Brun and Garson, 1983); vinblastine or 
vincristine sulfate (LOfberg and Jacobson, 1974; 
Svoboda and O'Shea, 1984); cold treatment (Handel 
and Roth, 1971). These treatments produced 
severe defects of neural tube closure affecting 
all regions of the neuraxis. In general, the 
height of the neuroepithelium was reduced and 
dividing cells were found throughout the 
neuroepithelium. In addition to affecting 
regions where cells are in the process of 
elongating, these treatments also affect cells 
that have already become high columnar (but see 
Brun and Garson, 1983), precluding inferences 
regarding areas of active cell elongation. 
SEM studies have indicated that the neural 
folds of embryos exposed to microtubule active 
agents are not elevated normally and often lie 
flat on the dorsal surface of the embryo. 
Occasionally, low columnar neuroepithelial cells 
appeared wedge shaped producing an odd, ruffled 
appearance of the anterior neural folds (Figure 
5). Despite being displaced laterally, the 
alterations characteristic of the surface 
ectoderm/neuroepithelial transition zone were 
present and normal. When the lateral surfaces of 
neuroepithelial cells in these embryos were 
examined using SEM, the cells were often low 
rather than high columnar in shape and numerous 
rounded cells (presumably M phase) were scattered 
throughout the neuroepithelium (Figure 6) rather 
than being restricted to the luminal surface. 
A number of treatments have been employed to 
affect microfilaments including: cytochalasins 
(Karfunkel, 1971, 1972; Linville and Shepard, 
1972; Burnside, 1973; Lofberg and Jacobson, 1974; 
Messier and Auclair, 1974; Lee and Kalmus, 1976; 
Shepard and Greenaway, 1977; Wiley, 1980; O'Shea, 
1981; Austin, et al., 1982; Morriss-Kay and 
Tuckett, 1985); xylocaine (O'Shea and Kaufman, 
1980b); excess oxygen (Morriss and New, 1979); 
agents which alter calcium levels (papaverine: 
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Moran and Rice, 1976; O'Shea, 1982a; EGTA, EDTA: 
Smedley and Stanisstreet, 1985); and diazepam 
(Lee et al., 1983). 
When embryos were exposed to these agents, 
there was only slight splaying of the neural 
groove with early exposure, but if exposure 
occurred during approximation, the folds splayed 
laterally (Morriss-Kay and Tuckett, 1985). When 
examined using SEM, the appearance of embryos 
treated with microfilament active agents was very 
different than that of embryos exposed to 
colchicine or vincristine. In cytochalasin 
treated embryos, the elevated folds splay from 
the midline (Figure 7), or in earlier embryos the 
neural folds may be everted over the surface 
ectoderm in the cephalic region. Many of the 
neuroepithelial cells of these embryos appeared 
columnar rather than wedge shaped (Figure 8) 
following cytochalasin (O'Shea, 1981; Morriss-Kay 
and Tuckett, 1985), or papaverine (Rice and 
Moran, 1977) treatment. In addition, the 
lamellopodia and filopodia present at the 
transition zone between neuroepithelium and 
surface ectoderm were rarely present in 
cytochalasin B treated embryos. 
Interestingly, there is a degree of 
reversibility in these effects. When rat embryos 
were exposed in embryo culture to cytochalasin D 
after fusion of the forebrain-midbrain junction 
had occurred, the folds typically splayed 
laterally. When these embryos were then placed 
in control medium and allowed to 'recover', the 
neural folds re-converged and eventually fused. 
However, if initial cytochalasin D exposure 
occurred prior to this crucial fusion, when 
embryos were then grown in control medium the 
folds approached each other but did not fuse 
(Morriss-Kay and Tuckett, 1985). 
Similar results have been obtained using the 
papaverine/ionophore regimen. When embryos are 
exposed to papaverine (which alters cellular 
calcium concentrations, Imai and Takeda, 1976) 
there is a rapid lateral splaying of the folds 
which is reversible with ionophore A23187 (which 
promotes the release of bound calcium; Reed and 
Lardy, 1972) treatment. These effects are 
reversible until the midbrain elevation has 
occurred, when papaverine induced defects can no 
longer be reversed in the mouse embryo (O'Shea, 
1982a). 
In addition to the cytoskeleton, increased 
adhesion between neuroepithelial cells has also 
been suggested as a mechanism by which cells 
might change shape (Brown et al., 1941). This 
increased adhesion could be produced by cell 
surface carbohydrates (cf., Karfunkel et al., 
1978) or might result from a maturation or 
increase in the number of intercellular 
junctions. There are very few studies which have 
attempted to specifically disrupt cell junctions 
and alter the course of early development. 
Application of antibodies to gap junction 
proteins to gastrulating and neurulating embryos 
produces severe embryological disorganization 
(Warner et al., 1984). 
Additional evidence for altered cell-cell 
interactions in defective neurulation comes from 
studies of the development of a neurological 
mutant of the mouse which is characterized by a 
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Figure l_. Frontal view of a day 10 control embryo illustrating the normal appearance of the cephalic 
region after neural tube closure has been completed. Scale bar= 100 µm. 
~ ±· Transverse fracture through the neuroepithel ium and mesenchyme (M) in the cephalic region 
oracontrol embryo. The neuroepithel ia l (NE) eel ls are tightly packed, many are wedge shaped and 
most contact both luminal and basal surfaces. Scale bar= 10 µm. 
Figure~. Frontal view of an embryo exposed~ vitro to colchicine. Although not elevated normally, 
the neuroepithelial eel ls appear to have become wedge shaped, producing the puckered appearance of the 
medial edges of the neural folds (arrowed). Scale bar= 100 µm. Reproduced with permission from 
0' Shea, 1981. 
Fi,ure 6. Fracture through the neuroepithelium of an embryo exposed in whole embryo culture to 
co chic7ne, illustrating the abnormal placement of mitotic cells (arrowed) deep in the 
neuroepithelium. Scale bar= 10 µm. 
Figure J_. Embryo exposed to cytochalasin Bat the 6-8 somite stage. The neural folds appear to have 
elevated but on one side have not approximated in the midline (arrowed). Scale bar= 100 µm. 
Reproduced with permission from O'Shea, 1981. 
~ ~. Neuroepithelium from an embryo exposed at the 6-8 somite stage to cytochalasin B. Note the 
of apical narrowing. L = lumen. Scale bar= 10 µm. 
high spontaneous incidence of neural tube 
defects, Splotch (Auerbach, 1954). In embryos 
homozygous for the Splotch gene, open neural tube 
defects are found in both the cephalic and spinal 
regions. When transverse fractures were made 
through the hindbrain region in embryos isolated 
just after neural tube closure would normally 
have occurred, neuroepithelial cell associations 
were abnormal. Rather than the normal radial 
appearance of the neuroepithelium (Figure 9), 
cells were oriented transversely across it, or 
occasionally formed cascades of early 
stratification (Morris and O'Shea, 1983; Figures 
10, 11). Anomalies of neuroepithelial cell-cell 
interactions have also been described in 
ultrastructural studies of the Splotch 
neuroepithelium (Wilson and Finta, 1979}. In 
this case, embryos with neural tube defects also 
exhibited an increase in the number of 'annular 
junctions' or 'gap junction vesicles', which are 
1200 
thought to indicate areas 
morphogenetic interaction or areas 





Wilson and her colleagues (Wilson and 
Michael, 1975; Wilson and Finta, 1980c) have used 
SEM to examine the development of loop-tail 
mutant embryos which are characterized by open 
neural tubes extending from the midbrain or 
hindbrain into the tail (Stein and Rudin, 1953). 
In !:..P!l_p_ embryos, lamellopodia were sparse, 
abnorriiilly placed and often persisted along the 
sides of unfused folds. The luminal surface of 
the neuroepithelium in the hindbrain and in the 
posterior· neuropore region was flattened and 
exhibited fewer microvilli than in control 
embryos. They suggest failure of normal 
constriction of the cellular apices following 
microfilament alterations may produce the 
observed lack of apical specialization and 
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ultimately the neural tube closure defects. 
The final intrinsic characteristic of the 
neuroepithelium which is often abnormal in gene 
and teratogen induced defects, is the packing 
density of these cells. It appears that in a 
number of spontaneous defects (e.g., trisomy for 
chromosomes 12 or !4, Putz and Morriss-Kay, 1981; 
chromosome translocation, O'Shea, 1986; ~-
tail, Wilson, 1978; Splotch, Figure 12), and 
TciTTowing teratogen treatment (Lee et al., 1983; 
Morriss-Kay and Tuckett, 1985), there is a 
significant increase in the amount of 
neuroepithelial intercellular space compared with 
controls. The decrease in the packing density of 
neuroepithelial cells could result from a 
reduction in the number of cells~~ following 
an increase in the neuroepithel1aT cell cycling 
time previously observed in neurological mutants 
(cf., Wilson, 1974; Wilson and Center, 1974), or 
from increased cell death. Alternatively, a 
decrease in cellular volume or abnormal cellular 
adhesion (either junctional or cell surface coat 
related) could also produce these alterations. 
Non-Neural Structures 
Like neuroepithelial cells, mesenchyme cells 
also contain cytoskeletal elements, suggesting 
that exposure of embryos to agents which affect 
the integrity of neuroepithelial microtubules and 
microfilaments would also be expected to affect 
the shape and presumably the supportive function 
of the mesenchyme. There is little experimental 
evidence of this, however. De-Vay et al., 
(1979), have examined the effect on mesenchymal 
cells of cytochalasin B exposure at slightly 
Figure ~- Transverse fracture through the neuroepithel ium (NE) of a day 10 control embryo 
illustrating the elongated wedge shape typical of these eel ls and the absence of intercel lular space. 
Scale bar= 10 µm. Reproduced with permission from : Morris and O'Shea, 1983. 
~ .!..Q_. Fracture through the wide 1 y open neura 1 fo 1 ds of a Sp 1 otch embryo a 1 so i so 1 ated on the 
Tofh"aay of development. A blood vessel (BV) has prematurely entered the neuroepithelium and many 
cell processes are oriented transversely across the neuroepithelium (arrowed). Scale bar= 10 11m, 
Reproduced with permission from: Morris and O'Shea, 1983. 
~ l!., Transverse fracture through the neuroepithelium of another Splotch embryo illustrating an 
adcfitTonal anomaly in which the neuroepithelium appeared abnormally stratified. Scale bar= 10 µm. 
~g. Fracture through the hindbrain neuroepithelium of a day 10 Splotch embryo illustrating the 
consiaerable increase in intercellular space (arrowed). Scale bar= 10 ~m. 
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earlier stages of development, reporting 
alterations in mesenchymal shape and in cell-
cell interactions. 
The mesenchyme and extracellular matrix (ECM) 
which consists of glycosaminoglycans, 
glycoproteins, proteoglycans, water and ions 
(Manasek and Cohen, 1977), also appear to 
participate in neural fold elevation. Although 
the neuroepithelial basal lamina is produced by 
the neuroepithelium, it is composed of similar 
glycoproteins, glycosaminoglycans and 
proteoglycans (albeit in different proportions) 
as those of the subjacent mesenchymal ECM. 
Because teratogens (or genes) which affect the 
synthesis, deposition or character of the ECM 
would also affect similar elements present in the 
basal lamina, the role of the mesenchyme and the 
neuroepithelial basal lamina in neural fold 
elevation will be considered in this section. 
Studies in which this material is removed or 
its synthesis inhibited via treatment of embryos 
with vitamin A which is thought to alter the 
structure of ECM (Goodman and Waterman, 1976; 
Geelen et al., 1980; Smith et al., 1982; Wood and 
Smith, 1984), removal of GAGs with Streptomyces 
hyaluronidase (Schoenwolf and Fisher, 1983), 
interference with proteoglycan deposition 
following treatment of neurulating rat embryos 
with B-D-xyloside (Morriss-Kay and Crutch, 1982), 
altered glycoprotein deposition resulting from 
tunicamycin treatment of mouse embryos (O'Shea, 
1982b), or changes in collagen deposition 
following cis-hydroxyproline exposure (O'Shea, 
1984), have produced severe cephalic neural tube 
defects associated with failure of normal neural 
fold elevation. 
Unlike control embryos (Figure 13) embryos 
exposed to tunicamycin in vitro had severe 
defects of the cephalic neural roTos (Figures 14, 
15). When transverse fractures were made through 
the cephalic region of these embryos, controls 
exhibited a highly developed neuroepithelial 
basal lamina with a considerable amount of 
extracellular material (Figure 16). In 
tunicamycin treated embryos there was very little 
extracellular material in this region and 
mesenchymal cells often made premature contact 
with the basal region of the neuroepithelium 
{Figure 17). The mesenchyme was often reduced in 
volume and the neural folds did not elevate 
normally. Using SEM, the mesenchyme cells of 
tunicamycin treated embryos appeared collapsed 
and the extracellular matrix had an abnormal 
fibrillar appearance (Figure 18). Interestingly, 
in these embryos, the branchial arches were also 
reduced in size, suggesting that their expansion 
depends on normal extracellular matrix pressure. 
Alternatively, because the neural crest makes a 
significant contribution to the cell number in 
the branchial arches, interference with neural 
crest migration following tunicamycin induced 
alterations in the extracellular matrix would be 
expected to produce similar hypoplasia. The 
final characteristic of these embryos, which 
indicates that ECM/cellular expansion of the 
mesenchymal compartment was abnormal, was the 
appearance of the surface ectoderm. Unlike 
control embryos in which the surface ectoderm 
covering the cephalic neural folds was highly 
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attenuated, the surface ectoderm of embryos 
exposed in vitro to tunicamycin was bunched and 
wrinkledlF,gure 14). 
A number of neurological mutants exhibit 
neural tube defects which appear to have a 
mesenchymal component. Copp and Wilson (1981) 
have reported alterations in the ratio of 
sulfated to non-sulfated GAGs in the basal lamina 
and ECM of the loop-tail mouse which they suggest 
may result in abnormal elevation of the folds. 
Splotch and delayed Splotch mutant mice exhibit 
extensive NTDs involving cephalic and/or spinal 
neural tube and have abnormalities of the 
neuroepithelial basal lamina (Morris and O'Shea, 
1983), which may have a basis in altered 
carbohydrate synthesis or deposition (Melone and 
Knepper, 1986). 
Patch mutant embryos appear to have, in 
addition to NTDs, anomalies of neural crest 
migration. These embryos are characterized by 
subectodermal accumulations of hyaluronate-
containing fluid into which neural crest become 
ectopically placed (Erickson and Weston, 1983). 
However, the role of these mesenchymal 
alterations in the production of neural tube 
defects is unclear. 
The development of the oel mouse embryo with 
cephalic neural tube defects has been examined 
using correlated EM and LM (Waterman, 1979). 
While neuroepithelium and surface ectoderm 
appeared morphologically normal, a large 
proportion of the mesenchymal cells rather than 
maintaining their normal stellate appearance were 
rounded, with many surface blebs. Interestingly, 
mesenchyme of embryos examined on day 9 {during 
elevation) but not on the 10th day (after 
closure), was affected. 
Alterations of mesenchymal cell morphology 
have been reported in TIT mutant embryos 
(Spiegelman, 1976), and in t9/t9 embryos 
(Spiegelman and Bennett, 1974; Spiegelman, 1976), 
with mesenchyme having thickened and blunted 
cell processes. TIT mesenchymal cells examined by 
SEM were polygonal rather than stellate and were 
arranged as flat sheets of broad cells with few 
cytoplasmic processes. There was an apparent 
decrease in the amount of extracellular matrix in 
these embryos, and the basal lamina was sparse 
and atypical. The neural tube was often kinked 
and there were irregularly formed somites and 
associated axial anomalies in these embryos. 
While the notochord does appear to be present, it 
was patchy and ragged (Jacobs-Cohen et al., 
1983). These cell shaping alterations and cell-
cell association anomalies have been related to 
the presence of abnormal cell surface 
glycosyltransferase activity (Shur, 1982). In 
the allelic t9/t9 embryos, there was in addition 
to mesenchymal cell shape alterations, a 
considerable decrease in the number and 
alterations in the morphology of mesenchymal 
intercellular junctions (Spiegelman and Bennett, 
1974). 
We have observed alterations in mesenchymal 
cell shape, and cross-sectional area with a 
reduction in the number of cell-cell contacts in 
translocation (2;4) 1 Sn induced neural tube 
defects. In addition, there are associated 
anomalies of the integrity of the neuroepithelial 
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Figure g. Side view of day 10 control embryo illustrating the normal appearance of the cephalic 
region. Scale bar= 100 ~m. 
Figure.!_!. Side view of an embryo exposed to tunicamycin _j_!!_ vitro. The neural tube has closed but 
the first arch is reduced in size and the surface ectoderm is infolded (arrowed) rather than having 
its normal attenuated appearance. Scale bar= 100 ~m. 
Figure 15. Side view of an embryo exposed at the 6-8 somite stage of development to tunicamycin 
homologue Al. The neural folds are poorly elevated and splay laterally. The arrows indicate the 
surface ectodermal/neuroepithelial transition zone. Scale bar= 100 pm. 
Figure~- Fracture through the basal region of the neuroepithelium (NE) in a control embryo. Note 
the smooth basal surface and associated extracellular material (arrowed). Scale bar= 10 ~m. 
Figure .!2_. Fracture through the base of the neuroepithe l ium (NE) and subjacent mes en chyme (Ml in an 
embryo exposed to tunicamycin, illustrating the paucity of extracellular material (arrowed) and 
abnormal approaching of the mesenchyme cells to the neuroepithelium. Scale bar= 10 ~m. 
fj_g_tJ_re 18. Fracture through the cephalic region of an embryo exposed to tunicamycin homologue Al _j_!!_ 
vTrro:""7he mesenchymal cells (M) are slightly collapsed and are associated with a fine, fibrillar 
deposit of extracellular material. Scale bar= 10 pm. 
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basal lamina (O'Shea, 1986). Interestingly, in 
these embryos, like oel (Haterman, 1979), the CNS 
often continued to develop apparently normally 
but was not covered by surface ectoderm (O'Shea 
and Kaufman, 1983). 
The notochord has been suggested to play an 
important role in embryonic elongation during 
neurulation (cf., Jacobson and Gordon, 1976; 
Jacobson, 1980; Jacobson, 1984). Cases of 
spontaneous (Patten, 1946; Lemire et al., 1965) 
and experimentally induced (Rokos and Knowles, 
1976; Mann and Persaud, 1978; Morriss and New, 
1979) neural tube defects in which there are 
abnormal relationships of neuroepithelium and 
notochord lend support to this hypothesis. In 
neurological mutants of the mouse, impaired axial 
elongation and neural tube defects often co-exist 
(Bonnevie, 1934; Chelsey, 1935; Smith and Stein, 
1962), although other evidence does not favor the 
view that the notochord is necessary for 
neurulation (Malacinski and Youn, 1981; Youn and 
Malacinski, 1981). 
In summary, the neural folds are particularly 
susceptible to the development of closure defects 
during the period of fold elevation. TEM and SEM 
studies of gene or teratogen induced NTDs have 
suggested a role for the cytoskeleton in 
producing neuroepithelial cell shape alterations 
required for neural tube closure. Interference 
with the structure or composition of the 
mesenchymal ECM or neuroepithelial basal lamina 
also produce neural tube defects--typically 
characterized by changes in integrity of the 
basal lamina and in mesenchymal cell shape. 
It is important to keep in mind however, that 
the cytoskeletal apparatus, extracellular 
material and cell-cell junctions may affect/be 
affected by similar treatments; ECM influencing 
junctional development (Overton, 1977; Norton and 
Izzard, 1981) and cytoskeletal organization 
(Singer, 1979); while agents that alter the 
cytoskeleton also affect junctional 
characteristics (Messier and Auclair, 1974) and 
production of extracellular materials (Bhatnagar 
and Rapaka, 1979), making simplifying statements 
regarding the role of any one of these elements 
difficult. 
Neural Fold Approximation and Fusion 
Neural 
-rew studies have specifically examined the 
effects of inhibition of neural fold 
approximation and fusion in the production of 
NTDs. Studies in which the cell surface 
carbohydrate coat has been altered either with 
concanavalin A treatment (Lee et al., 1976); or 
by cleavage at the cell membrane following 
trypsin (Lee et al., 1976) or phospholipase C 
treatment (0 'Shea and Kaufman, 1980a), or exposure 
to lamda carrageenan (Rovasio and Manis, 1981) 
have resulted in neural tube defects, suggesting 
that the surface coat material may be important 
in cell-cell recognition/stabilization during 
neural fold fusion. Interestingly, Streptomyces 
hyaluronidase (Schoenwolf and Fisher, 1983) 
treatment had a major effect not on neural fold 
elevation, but on their midline convergence and 
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ultimate fusion, lending strong support to the 
suggestion that cell surface material is required 
for neural tube closure. 
Lamellopodia and filopodia have also been 
suggested to be important during this phase of 
neurulation in maintaining contact between the 
folds as neuroepithelium and surface ectoderm 
fuse. Goodman and Waterman (1976) have 
emphasized the persistence of the transitional 
zone in hamster embryos with neural tube defects 
produced by vitamin A exposure, and Barson and 
Partch (1974) have described abnormal outgrowths 
in this region in dysraphic chick and human 
embryos. We have observed an anomalous 
patterning of lamellopodia in Splotch mutant 
embryos (which are also characterized by neural 
crest migration anomalies), and following 
exposure to microfilament but not microtubule 
inhibitors (O'Shea, 1981). In the latter group a 
normal complement of lamellopodia was present 
even though the neural folds were widely splayed. 
Wilson and Finta (1980b,c) have suggested that 
the neural tube closure defects and erratic 
placement of lamellopodia in the loop-tail mutant 
result from an underlying anomaly of 
microfilament function. Overall, these results 
suggest that an intact plasma membrane-
microfilament system is required for the 
generation of lamellopodia and filopodia, but 
whether they are crucial for neural tube closure 
is unknown. 
The microfilaments, in addition to their 
presence in filopodia and lamellopodia, and their 
presumed role in neural crest cell motility, may 
also participate in the production of the final 
medial bending of the neuroepithelium as 
apposition of the folds occurs (Morriss and New, 
1979; Morriss-Kay, 1981; Schoenwolf and Franks, 
1984). Interference with the wedge shaping of 
these cells using microfilament active agents 
(see previous section), would also be expected to 
produce neural tube closure defects at highly 
circumscribed periods of development. 
In embryos trisomic for chromosomes 12 or 14, 
the neural folds elevate in an apparently normal 
manner, but fail to bend medially toward each 
other (Putz and Morriss-Kay, 1981). Trisomy 12 
affects caudal forebrain, midbrain and hindbrain 
regions, while trisomy 14 affects primarily the 
caudal forebrain and midbrain. Unfortunately, 
the ultrastructural bases of these observations 
have not yet been reported. 
Non-Neural Structures 
The role of neural crest cell migration ~ 
se in neural tube closure is not known. 
Migration has been suggested to produce medial 
movement of the folds, and the rearrangement of 
apical junctions which occurs with crest 
emigration (Newgreen and Gibbins, 1982) could 
aid in the redevelopment of permanent junctions 
between neuroepithelial cells. While there is a 
common association in neurological mutants of 
neural crest and neural tube defects (Patch, 
Splotch) and both neural tube defects and neural 
crest migration defects result from exposure to 
certain teratogens, (e.g., vitamin A), the role 
of the neural crest in neurulation defects 
remains only speculative. Interestingly, neural 
tube defects were not formed when neural crest 
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migration was directed inward by treating 
neurulae with synthetic peptides containing the 
cell recognition portion of fibronectin. Neural 
crest cells, rather than migrating into the 
mesenchyme, formed a cord of cells in the lumen, 
but the neural tube was closed (Boucaut et al., 
1984). 
Although it has not been considered in this 
review of NTDs, the surface ectoderm is not 
passive during neural tube closure, as recent 
studies have demonstrated (Brun and Garson, 
1983). Embryos with a primary epidermal defect 
also have neural tube defects (repeated 
epilation, O'Shea, unpublished), antibodies to 
epidermal growth factor produce neural tube 
closure defects (Turley, personal communication), 
and there is an association in oel and T (2;4) 1 
Sn embryos of well formed CNS tissue with a lack 
of overbridging of this region with surface 
ectoderm. The underlying bases of these effects 
and the role of the surface ectoderm in 
neurulation remain to be determined, however. 
An assessment of the patterning of the 
cephalic neural tube defects indicates that the 
forebrain-midbrain junction appears to be 
particularly crucial in neural tube closure in 
rodent embryos. If this region has fused prior 
to teratogen exposure, 'reversal' of splayed 
neural folds can occur (Morriss-Kay and Tuckett, 
1985), while papaverine induced defects can be 
'reversed' until midbrain elevation occurs 
(O'Shea, 1982a), and this region is affected by 
trisomy for chromosomes 12 or 14 (Putz and 
Morriss-Kay; 1981). Whether this area is more 
susceptible because surface ectoderm-surface 
ectoderm fusion which typifies closure in this 
region (Geelen and Langman, 1977, 1979) is 
somehow more vulnerable, whether neural crest 
migration which occurs first in the midbrain (Tan 
and Morriss-Kay, 1985) makes the region less 
stable, whether the medial bending in the 
midbrain (Schoenwolf and Franks, 1984) is somehow 
more crucial, remains to be determined. 
Alternatively, these differences may reflect a 
loss of developmental synchrony between 
neuroepithelium and subjacent notochord and other 
mesenchymal structures which at this stage is 
impossible to reattain. 
Secondary Neurulation 
Few studies have specifically examined the 
effects of altering the events involved in 
secondary neurulation and fewer still have 
employed SEM in these studies. To determine if 
secondary neurulation would occur when deprived 
of cues from the primary neural tube, the 
posterior neuropores of chick embryos were 
prevented from closing, and secondary neurulation 
occurred normally and the secondary neural tube 
fused with the open primary lumen (Costanzo et 
al., 1982). 
Dryden (1980b) has produced spina bifida in 
chick embryos using x-irradiation and has 
reported the persistence of secondary lumina 
leading in most cases to diplomyelia, apparently 
due to ectopic neuroepithelial and neural crest 
cells in the lumen. A number of neurological 
mutants of the mouse are characterized by caudal 
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neural tube defects with or without associated 
tail flexion deformities which Kapron-Bras and 
Trasler (1984) and Copp (1985) have suggested 
result from a severe (open defects) or slight 
(bent tail) delay in posterior neuropore closure. 
Since the secondary neuroepithelium in the mouse 
embryo is always in contact with the caudal 
portion of the primary neuroepithelium, 
significant delay in posterior neuropore closure 
would produce an open primary neuroepithelial 
template along which secondary neuroepithelial 
cells align. Figures 19, 20 illustrate the 
pattern of posterior neuropore closure in day 10 
and 11 control embryos and Figures 21 and 22 
illustrate the appearance of this region in 
delayed S~lotch embryos on the 10th and 11th days 
of gestation. Rather than forming an autonomous 
secondary neural tube (as in the chick), the 
secondary neuroepithelium has remained splayed, 
continuous with the open neuroepithelium of the 
posterior neuropore (Figure 22). Preliminary 
analysis of serial sections through the caudal 
region indicates that some of the cell shape 
changes typical of secondary neurulation occur, 
but in merging with the neural tube, cells of the 
secondary roof plate are displaced laterally, 
continuing the abnormal open pattern. 
Recent studies have examined the role of 
basal lamina and extracellular matrix components 
in posterior neuropore closure and secondary 
neurulation. When mouse embryos were exposed in 
whole embryo culture to tunicamycin homologue Al 
(which inhibits protein glycosylation), or to 
cis-hydroxyproline (a proline analogue which 
interferes with the extrusion of normal collagen 
chains; Rosenbloom and Prockop, 1971), 
disorganization of the posterior neuropore region 
and mesenchyme of the tail bud resulted. 
The effects of cis-hydroxyproline on 
posterior neuropore closure were more severe than 
tunicamycin Al--neural folds became widely 
splayed laterally while tunicamycin Al exposure 
resulted in slight collapse of the folds which 
might have been overcome had development 
continued. Unlike control embryos in which the 
mesenchyme cells retained a stellate morphology 
(Figure 23), the tail bud mesenchyme from cis-
hydroxyproline treated embryos was collapsed with 
few cell-cell processes (Figure 24). When 
exposure occurred after posterior neuropore 
closure, the gross morphology of the tail bud 
region was altered, and cells of the dorsal 
aggregate often failed to form a lumen, remaining 
abnormally clumped and unelongated. 
Immunocytochemical studies of the pattern of 
localization of collagen type IV indicated its 
distribution was sparse and patchy. 
Tunicamycin Al treatment produced clumping of 
mesenchyme with fine, fibrillar extracellular 
deposits (Figure 25) similar to that seen in the 
cephalic mesenchyme of other tunicamycin treated 
embryos (Figure 18). When tunicamycin Al 
exposure occurred prior to posterior neuropore 
closure, the posterior neuropore appeared 
collapsed (Figure 26). When exposure occurred 
after posterior neuropore closure had been 
completed, the tail bud was abnormally 
proportioned and mesenchymal cells formed many 
aggregates, and individual cells were collapsed 
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Figure 19. Lateral view of the closing posterior neuropore region in a day 10 control embryo. The 
arrow incficates the neuroepithelial/surface ectoderm transition. Scale bar= 100 µm. 
Figur~ 20. Similar view of the tail bud region in a late day 11 embryo. Note the slight dorsal bend 
near its tip. HLB = hindlimb bud. Scale bar= 100 µm. 
~ ~- Side view of the posterior neuropore region in a delayed Splotch embryo isolated on the 
TOtnaay of gestation. The neural folds of the posterior neuropore are widely open (arrowed). Scale 
bar= 100 µm. 
Figureg. Lateral view of day 11 posterior neuropore and tail bud regions from a delayed Splotch 
embryo. The neural folds are widely splayed (arrowed) and the open neural tube extends to the most 
caudal tip. HLB = hindlimb bud. Scale bar= 100 µm. 
and reduced in size. In addition, there was an 
apparent decrease in the amount of extracellular 
matrix material in this area. Immunocytochemical 
localization of laminin and fibronectin confirmed 
the abnormal patterns of deposition of these 
components (O'Shea, 1985). 
The literature contains many examples of gene 
and teratogen induced caudal neural tube defects 
in embryos examined near term (cf., Beaudoin, 
1974). Since similar processes of cell 
division, migration, aggregation, elongation, 
junction formation, basal lamina deposition occur 
during secondary neurulation, presumably 
teratogens (and genes) which affect these 
processes during primary neurulation would have 
similar effects on the secondary neuroepithelium. 
In addition to determining the susceptibility of 
this region to agents which interfere with these 
events, it will also be of considerable interest 
to examine the mechanisms of merging of primary 




The current study has indicated that attempts 
to elucidate ~ single underlying cause of 
neural tube defects, or the mechanism involved in 
neurulation will not succeed. It is clear that 
intrinsic factors participate in concert with 
extrinsic events to produce the final form of the 
primitive nervous system. The early development 
of the CNS appears to be highly conservative--
similar extracellular materials may be involved 
in determining mitotic status, junctional 
development, cytoskeletal characteristics and 
thus cell shape. Relatively simple events such as 
changes in ionic status (Katchalsky, 1964), may 
therefore produce major changes in the 
developmental trajectory of a cell or group of 
cells (McMahon, 1974) via their effects on these 
compounds. Thus a better understanding of the 
mechanisms involved in neurulation will result in 
not only a better understanding of neurogenesis 
but of morphogenesis. 
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~li• Mesenchyme from a fracture through the tail bud of a day 11 control embryo. The eel ls are 
steTTate and there is a considerable amount of associated extracellular material. Scale bar= 10 µm. 
_E___i__g__tJ__e 24. Mesenchyme from the tail bud from an embryo exposed in vitro to cis-hydroxyproline. The 
ceTTsare col lapsed, slightly blunted and less extracellular materiaTTs associated with them. Scale 
bar= 10 µm. 
Figure~- Fracture through the tail bud mesenchyme in an embryo exposed to tunicamycin homologue Al 
in vitro. The mesenchymal cells are aggregating, are less elongated than controls and are associated 
wTtntne fine grainy material characteristic of cephalic mesenchyme in earlier embryos exposed to 
tunicamycin. Scale bar = 10 µm. 
_Ej_g_LJ_r___g_ ~- Dorsal view of the unclosed posterior neuropore from an embryo exposed to tunicamycin 
horiioTogue Al in culture. The neural folds are widely splayed. Scale bar= 100 µm. 
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CNS Defects 
Discussion with Reviewers 
M. A. England: Please coITTTient on the role of 
cellaeath in the delayed Splotch mutant embryo. 
Author: There appears to be little cell death in 
thecaudal neural tube of the delayed Splotch 
embryo. However, there is considerable eel I 
death in other areas of these embryos, 
particularly in the cephalic region. Many 
pyknotic mesenchymal cells were found in the 
branchial arches as well as in the neural crest 
migratory pathway. We are currently examining 
the extracellular matrix in this region to 
determine if there is an intrinsic cellular 
defect or an abnormal mesenchymal environment. 
D. H. Nichols: Will neurulation resume when 
mouse embryos exposed to colchicine are re-
cultured in colchicine-free medium? 
Author: Yes. Like papaverine and cytochalasin B 
treatment, it is possible to produce NTDs with 
colchicine exposure, then place embryos into 
control medium and neural tube closure will 
continue. Interestingly, effects of cytochalasin 
B and colchicine exposure could be overcome by 
this treatment at all stages of development 
examined, while papaverine exposure could be 
'reversed' only until midbrain approximation had 
occurred. 
D. H. Nichols: Is the neuroepithelial basal 
lamina altered when mouse embryos are exposed to 
tunicamycin in culture? 
Author: Tunicamycin exposure produces focal 
breaks and areas in which the basal lamina is 
pulled away from the base of the neuroepithelium. 
In these regions, there may be abnormal 
neuroepithelial - mesenchymal contact, and 
neuroepithelial cells may herniate into the 
mesenchymal compartment. In addition, the 
neuroepithelial cells in these regions appear to 
be less highly elongated than in control embryos. 
D. H. Nichols: Is there any evidence that neural 
Tola approximation and fusion in some regions 
might require zippering from adjacent regions 
where closure has already occurred? 
Author: It appears as though midbrain-forebrain 
closure may provide critical mechanical stability 
for closure of the remaining cephalic neural 
folds. Similarly, if the posterior neuropore 
fails to close normally, the secondary 
neuroepithelium remains open in the delayed 
Sp 1 otch embryos. 
G. C. Schoenwolf: What events are most likely 
""fnvoTved in driving bending of the neural plate 
in mammalian embryos? 
Author: Medial bending may be produced by: 1. 
TcicalTzed cell shaping alterations, or 2. 
1213 
matrix pressure. However, normal morphogenesis 
of the region also requires an intact basal 
lamina, surface ectodermal tension, notochordal 
support, and probably differential mitosis. 
G. C. Schoenwolf: What specific roles do the 
oasa1 lamina and extracellular matrix play in 
secondary neurulation? What other events might 
be involved? 
Author: Shortly after aggregation of the 
secondary neuroepithelial cells, heparan sulfate 
proteoglycan and fibronectin are found at the 
base of these cells, and with cavitation of the 
aggregate, type IV collagen and laminin are also 
deposited in the forming basal lamina. It 
appears that basal lamina formation may play a 
role in the epithelialization of these cells. 
Clearly, extracellular cues are involved in 
controlling cell migration, aggregation, mitosis, 
junction formation, etc., which also are crucial 
in the development of this region. 
D. B. Wilson: 
microtubule~ 
produce defects, 
neural folds which 
or is their entire 
When agents that affect 
microfilaments are used to 
are there any regions of the 
are resistant to their action, 
length uniformly affected? 
Author: Typically, teratogens are most efficient 
~oducing cephalic neural tube defects in 
rodent embryos, perhaps because of the complexity 
of neural tube closure in this region. Spinal 
regions are less often affected and very few 
teratogens produce posterior neuropore defects 
(exceptions include vitamin A, radiation, 
thiadiazole). However, in many illustrations of 
anterior NTDs the posterior neuropore also 
appears abnormally positioned and flattened, but 
this is rarely described. 
D. B. Wilson: Is there any influence of flexure 
of the~axis on the presumptive neural tube? 
Author: There is a considerable amount of 
correlative evidence for this. 'Turning' of 
rodent embryos from the embryonic 'U' shape to 
the fetal 'C' position occurs at the same time as 
neural tube closure. In Deuchar's (JEEM, 1971, 
Q, 189-201) experiments in which turning was 
inhibited via knife cuts, neural tube closure was 
also inhibited. Jacobson has advocated a role 
for the notochord (which is presumably also 
involved in turning) in neurulation and mutant 
embryos (TIT, ~ tail, delayed Splotch, _lQQP_ 
tail) all have varying degrees of flexion 
deformity and NTDs. 
